Objective: Vitamin B12 deficiency resulting from metformin use has been demonstrated in multiple studies. In this study, we aimed to evaluate the prevalence of vitamin B12 deficiency in patients with chronic metformin use and the relationship between vitamin B12 deficiency and diabetic neuropathy. Methods: A cross-sectional study was conducted with 162 patients. Vitamin B12 levels were measured by chemiluminescence immunoassay. Diabetic neuropathy was evaluated by patient record, nerve conduction and Michigan test for the diagnosis of diabetic neuropathy. Additional data, including demographic characteristics were collected. A linear regression model was used to evaluate variables that correlated with vitamin B12 levels and diabetic neuropathy. Results: Low vitamin B12 levels were found in 7.3% (95% CI: 4.0-12%) of patients. In those with diabetic neuropathy, altered (low and borderline) vitamin B12 level was 64% (95% CI: 47-78%) compared to 17% (95% CI: 10-26%) in patients without diabetic neuropathy (coefficient: −110.8; CI 95%: −165.8, −59.7). Those taking a higher metformin dose had lower levels of vitamin B12 (coefficient: −0.061; CI 95%: −0.09, −0.024). In addition, female patients had higher levels of vitamin B12 compared to men (coefficient: 49.1; CI 95%: 2.3-95). Conclusions: Vitamin B12 deficiency is highly prevalent, especially in patients with diabetic neuropathy. In this study an inverse correlation was found between diabetic neuropathy and the plasma level of vitamin B12. Higher doses of metformin and male sex were factors related to lower levels of vitamin B12. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
Introduction
Vitamin B12 deficiency is a known adverse effect of chronic metformin use, which was first described by Berchtold et al. in 1969 (1) and has been demonstrated in several studies since then (2, 3, 4) . The prevalence of vitamin B12 deficiency in patients taking metformin varies from 5 to 40% across different populations (2, 3, 4, 5) .
The mechanism by which vitamin B12 deficiency occurs in patients with chronic metformin use is unclear; however, proposed mechanisms include alteration of the motility of the small intestine with consequent bacterial overgrowth and inhibition of vitamin B12 intrinsic factor complex absorption. Since inhibition of the calcium-dependent absorption of the intrinsic factor, B12 complex at the ileum level has been demonstrated, competitive inhibition of vitamin B12 absorption and alterations of the intrinsic factor and cubilin (CUBN) receptor have also been proposed (4, 5, 6) .
Vitamin B12 deficiency is associated with multiple neurological and neurocognitive manifestations, including peripheral and autonomic neuropathy, combined subacute degeneration of the spinal cord, delirium, dementia, and axonal demyelination (6, 7) . These neurological manifestations can be erroneously interpreted as manifestations of diabetic neuropathy in diabetic patients with chronic metformin use (8, 9, 10) .
The optimal diagnostic method for diabetic neuropathy in these patients is unknown; however, several alternatives are available with variable sensitivity and specificity, as electrodiagnostic studies have achieved higher sensitivity and specificity in the diagnosis of diabetic neuropathy (11, 12) . One of the best known methods used in research is the diabetic neuropathy screening instrument of Michigan (13, 14, 15) .
The American Diabetes Association guidelines now recommend routine evaluation for Vitamin B12 deficiency in patients taking metformin, as studies conducted in recent years have linked metformin use to diabetic neuropathy (16) . Previously, the American College of Endocrinology had also recommended monitoring vitamin B12 levels in patients taking metformin (17) .
In this study, we aimed to evaluate the prevalence of Vitamin B12 deficiency in patients with chronic metformin use and evaluate how it is related with diabetic neuropathy.
Methodology
A cross-sectional study was conducted to estimate the prevalence of vitamin B12 deficiency in patients with chronic metformin use and the prevalence of diabetic neuropathy in patients with normal and low vitamin B12 levels. Additional data, including demographic characteristics, were collected to evaluate the characteristics of patients with vitamin B12 deficiency and diabetic neuropathy. A linear regression model was used to evaluate variables that correlated with Vitamin B12 levels and the correlation between having altered vitamin B12 levels and the presence of diabetic neuropathy.
Clinical records of 162 patients who visited the endocrinology service of the Central Military Hospital during 2017 were reviewed. We retrospectively identified patients diagnosed with diabetes mellitus or prediabetes who were treated with metformin for more than 3 months. Vitamin B12 levels were measured by chemiluminescence immunoassay and evaluation for diabetic neuropathy was performed by any of the following: clinical records of nerve conduction study or by Michigan neuropathy screening instrument (MNSI).
Informed consent was given to apply the MNSI. Inclusion criteria: adult patients with diabetes or prediabetes according to Standards of Medical Care in Diabetes Guidelines (16) , in treatment with metformin for more than 3 months.
Exclusion criteria: Patients were excluded from the study if they had one or more of the following characteristics: previous gastrointestinal surgery or malabsorptive syndrome or if they were taking a vitamin B12 substitution or multivitamins with vitamin B12.
Variables
The following variables were collected: age, gender, time of diabetes diagnosis (months), time on metformin (months), dose of metformin (mg), vitamin B12 levels (pg/mL), previous diagnosis of diabetic neuropathy by clinical record, previous nerve conduction study or by MNSI.
Vitamin B12 levels were classified as low if they were less than 200 pg/mL, borderline if they were between 200 and 300 pg/mL, and normal if they were higher than 300 pg/mL, taking into account that normal values are based on one of the largest studies derived from the Diabetes Prevention Program Outcomes Study but are not standardized (2) .
The Michigan neuropathy screening instrument (MNSI) was used to clinically diagnose diabetic neuropathy. The test is administered by a symptomatic initial questionnaire and a physical examination component. The score's usefulness in the diagnosis of diabetic neuropathy has been validated by several studies (11, 12, 13) . If the initial questionnaire is positive, the second component of the test is performed. A cut-off point of 2 or more is used for the diagnosis of neuropathy; this range has shown a sensitivity of up to 80% and specificity of up to 95% (14) .
Statistical analysis
A sample size of at least 126 patients was calculated for a margin of error of 7% (95% CI), with an estimated prevalence of 20%. We used means, standard deviations, and percentages to describe the results. A linear regression model was used to evaluate the variables that correlate with vitamin B12 levels.
Of the 162 patients included in this study, it was possible to establish the presence or absence of diabetic neuropathy in 122 patients using clinical history, nerve conduction study or performing MNSI. The other 40 patients did not have information in the clinical history, and it was not possible to perform the MNSI.
The Spearman correlation coefficient was used to evaluate the relationship between the continuous variables of Vitamin B12 levels and metformin dose, time of metformin use, time of diagnosis of diabetes, and values of diagnostic instruments for diabetic neuropathy. The Wilcoxon and Mann-Whitney test was used to evaluate the relationship between vitamin B12 levels with gender and diagnosis of diabetic neuropathy. Nonnormally distributed variables were transformed to their natural logarithm. A P < 0.05 was considered to be statistically significant.
Ethical considerations
The study was approved by the Ethical Committee of the Hospital Militar Central, Bogotá, Colombia.
Results
Overall, 162 patients were included in this study. There were 72 men (45%) and 90 women (55%) and the average age was 64 years. The average daily dose of metformin taken was 1536 mg and the average time of metformin use was 108 months (Table 1) .
Altered levels of vitamin B12 (borderline or low) were found in 29% of patients (47 cases; 95% CI: 22-36%). The prevalence of borderline levels of Vitamin B12 was 20.9% (34 cases; 95% CI: 15-27%) and the prevalence of low levels was 7.4% (12 cases; 95% CI: 4.0-11%).
Nine men had low levels of Vitamin B12 (12%; 95% CI: 6-21%) and 17 had borderline levels (23%; 95% CI: 15-34%); four women had low levels (4%; 95% CI: 1-10%) and 17 had borderline levels (18%; 95% CI: 12-28%) ( Table 2 ). Female patients had higher levels of Vitamin B12 compared to men (coefficient: 49.1; 95% CI: 2.3-95).
In patients older than 70 years (n = 58), borderline levels of vitamin B12 were found in 13 patients (22%; 95% CI: 13-34%) and low levels were found in seven patients (12%; 95% CI: 5-22%). However, the coefficient of correlation between age and vitamin B12 levels was not statistically significant (coefficient: −0.86; 95% CI: −2.7, 1.0) ( Table 3) .
Metformin dose was significantly inversely associated with vitamin B12 levels (Coefficient: −0.06; CI 95%: −0.10, −0.028). Length of metformin use was not significantly associated with vitamin B12 levels (Coefficient: 0.63; 95% CI: −0.36, 1.64) ( Table 3) .
Diabetic neuropathy
Of the 162 patients included in this study, it was possible to establish the presence or absence of diabetic neuropathy in 122 patients using clinical history, nerve conduction study or performing MNSI. In this group of 122 patients, 34 (27%) were diagnosed with diabetic neuropathy.
The prevalence of altered vitamin B12 levels (low or borderline) in patients with diabetic neuropathy was 64% (95% CI: 47-78%). Low levels of vitamin B12 were found in eight patients (23%; 95% CI: 12-40%) and borderline levels were found in 14 patients (41%; 95% CI: 26-47%); 12 patients had normal levels (35%; 95% CI: 21-52%) ( Table 4 ). Diagnosis of diabetic neuropathy was associated with lower levels of vitamin B12 (Coefficient: 116.9; 95% CI: −165.8, −68.0) ( Table 3) . 
Discussion
This study suggests that vitamin B12 deficiency is highly prevalent in our population (7% of patients); however, it is not as high as described in some recent studies showing prevalence from 28 to 41% (18, 19, 20, 21) . A recently published meta-analysis found that the use of metformin is a risk factor for vitamin B12 deficiency in diabetic patients (22) . Previous studies have indicated prevalence rates of vitamin B12 deficiency ranging from 5 to 40%; however, the cut-off points have been arbitrary defined.
The results of this study are similar to the studies that take equivalent cut-off points (2, 4) . We found that male patients, those taking higher doses of metformin, and patients with diabetic neuropathy have significantly lower levels of vitamin B12 and a higher prevalence of low or borderline levels of vitamin B12. A higher dose of metformin was associated with lower levels of vitamin B12, which has been described in previous studies (4, 5, 23, 24) .
The prevalence of diabetic neuropathy on our population (27% of patients) was lower than that described in previous studies that have found a prevalence of diabetic neuropathy of 39-50% of the diabetic population (25, 26) . Interestingly, we found a significant correlation between having lower levels of vitamin B12 and having a positive diagnosis of diabetic neuropathy. We also found a high prevalence of low levels of vitamin B12 in patients with diabetic neuropathy (17% of patients) and an even more high prevalence of altered levels of vitamin B12 (64% of patients with diabetic neuropathy had low or borderline levels of vitamin B12).
Previous studies have been published to find a correlation between diabetic neuropathy and vitamin B12 deficiency, but they are descriptive studies and have not been conclusive (8, 27, 28, 29, 30,) . Gupta et al. (27) found a positive correlation between metformin use time and diabetic neuropathy and a negative correlation between metformin use time and vitamin B12 levels. In a systematic review by Sun et al. (29) vitamin B12 and methyl cobalamin supplementation had beneficial effects on symptoms of neuropathy such as pain and paresthesia but electrophysiological measures were not consistent.
Recently a meta-analysis did not find enough evidence to associate diabetic neuropathy and vitamin B12 deficiency, but there are not enough quality studies to obtain conclusive results (22) . Another study in which vitamin B12 supplementation was performed in patients with diabetic neuropathy found no conclusive evidence regarding improvement of neuropathy symptoms (31) . Interestingly, folic acid supplementation does appear to have a positive effect on diabetic neuropathy according to a recent study (32) .
Unlike previous studies, we found a significant difference in vitamin B12 levels in male patients. This finding is important, considering that diabetic neuropathy is also more prevalent in males; however, no physiological explanation was identified for these results. Most studies do not describe the differences between vitamin B12 deficiency according to sex. We found a single study that showed a higher prevalence of vitamin B12 deficiency in women (28) . Another study found that being black was a protective factor for vitamin B12 deficiency (21) . We do not know the reason why in our population there was a significant difference in men with vitamin B12 deficiency, it is probably due to the fact that the male population was older than the female population. However, we do not rule out other additional predisposition in male patients for lower vitamin B12 levels and diabetic neuropathy.
Since diabetes is highly prevalent and the first line of pharmacological management is metformin, it is important to investigate a frequent complication of this 
Limitations
Diagnosis of diabetic neuropathy was performed heterogeneously through clinical history from clinical or electrophysiological evaluation or based on the MNSI, methods with varying degrees of sensitivity and specificity that can alter the reliability of the diagnosis of neuropathy in some cases; however, the bias of the latter method applies to low, borderline, and normal vitamin B12 groups. Additionally, we do not know how many of the patients had neuropathy prior to the start of treatment with metformin, a bias that applies to all patients. The methodology of this study did not permit the ability to establish a causal association between vitamin B12 deficiency and diabetic neuropathy.
Conclusion
Vitamin B12 deficiency is highly prevalent, especially in patients with diabetic neuropathy. In this study an inverse correlation was found between diabetic neuropathy and the plasma level of vitamin B12. Higher doses of metformin and male sex were factors related to lower levels of vitamin B12. Therefore, Vitamin B12 levels should be monitored in patients taking metformin chronically, especially in patients with diabetic neuropathy. The association between diabetic neuropathy and Vitamin B12 deficiency is of great importance, since diabetic or prediabetic patients diagnosed with diabetic neuropathy may have neuropathy due to vitamin B12 deficiency. Thus, this condition should be ruled out before initiating diabetic neuropathy treatment.
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